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To clarify the suppressing mechanism of Zn and Al substitution on high-Tc superconductivity, positron
annihilation experiment and simulated calculation are used to study systemically the
YBa2Cu3−xsZn,AldxO7−d sx=0.0–0.4d cuprates. The results show that Zn doping ions prefer to combine into
the cluster of seven ions with a double square and Al doping ions prefer to form six-ion-cluster with a hexamer
structure, respectively. These clusters, especially for Zn, would evidently influence the positron annihilation
characteristics, which can be seen from the variation ofne with Zn contentx in the clustering process.ne

displays an abrupt change as the impurity phases appear in both Zn and Al doping systems. From the doping
process, Zn ions occupy Cus2d sites in the CuO2 planes and make the change of electron structure, resulting in
the carrier localization. As a result, it interferes the pairing and transportation of superconducting carriers and
then suppresses the superconductivity with the formation of Zn clusters. While Al ions enter Cus1d sites in the
Cu-O chains, they induce the localization of hole carriers and weaken the function of carrier reservoir by
forming clusters. Therefore, the carriers cannot easily transfer to the CuO2 planes. Since Al doping does not
affect the pairing and transportation directly, it suppresses the superconductivity weakly than Zn doping. The
effect of pairing and transportation of carriers on charge transfer is also discussed.

DOI: 10.1103/PhysRevB.69.224517 PACS number(s): 74.72.Bk, 78.70.Bj

I. INTRODUCTION

In the cuprate superconductors, a YBa2Cu3O7−d sYBCOd
system has the typical CuO2 plane and the Cu-O chain struc-
ture, thus it is an ideal object in the basic research and at-
tracts a lot of attention.1,2 In order to clarify the physical
mechanism of highTc superconductivity, element substitu-
tion plays an important role in the investigation of cuprate
superconductors.3–6 As nonmagnetic ions, Zn and Al have
different doping behaviors in YBCO systems, namely, Zn
substituting for Cus2d7 while Al for Cus1d sites.8,9 According
to the magnetic break-pair, both substitutions should not in-
duce the effect of break-pair. Therefore they should be less
prominent than magnetic ions to influence the superconduc-
tivity. However, experimental results violate the theoretic
predictions. As bivalent ion, Zn doping suppresses forcefully
the superconductivity, whereas Al as trivalent doped ions
affects superconductivity less than Zn.10,11 As far as both
manners in influence on the superconductivity, most re-
searchers believe the CuO2 planes are places where the su-
perconductivity occurs.12–15Once some doped ions enter the
CuO2 planes the superconductivity will be suppressed se-
verely, such as Zn doping. While the Cu-O chains and other
layers play the role of carrier reservoirs, which affects indi-
rectly the superconductivity, thus little doped Al ions do not
evidently influence onTc, and for larger Al content, the su-
perconductivity will be suppressed.

In order to understand the suppression mechanism on su-
perconductivity by the nonmagnetic ions in different doping
sites, we should distinguish the occupied sites, the distribu-
tion of doping ions, and the change of electron structures. As
an effective probe to the microstructures, defects and phase
transition, positron annihilation techniquesPATd plays an
important role in the study on condensed matter, including

semiconductor, metal, alloy, and high-Tc cuprates etc.16–19

For high-Tc superconductors, there have been some positron
studies to elucidate the properties of the normal and super-
conducting states, including the Fermi surface, O-T transi-
tion, electron structure, and the carrier distributions.20–25 In
the present work, we studied systematically YBa2Cu3O7−d

with Al and Zn substitution by the PAT experiment and
simulated calculation using Islam and Ananthamohan
method.26 The results indicate that doping Zn and Al ions
may combine into two, four, six, or seven ions clusters. From
probability, Zn prefer to gather into seven ions cluster with a
double square structure and Al form six ions cluster with a
hexamer structure. All of them cause the variation of electron
structure and the carrier localization. The superconducting
electron pairing and transportation are also affected in differ-
ent manners and extents. These characteristics are consistent
with the results of PAT experiments and the variation of
superconductivity.

II. EXPERIMENT

The experimental samples with nominal composition of
YBa2Cu3−xMxOy (M=Zn, Al; x=0–0.4) were prepared by
solid-state reactions from appropriate amounts of high purity
Y2O3, BaCO3, CuO, ZnO, and Al2O3. The starting materials
were mixed, ground, and calcined first at 920°C for 12 h.
Then, the obtained precursors were reground, pressed to pel-
lets, and sintered at 920°C for 24 h followed by furnace
cooling. The resistivity was measured by the standard dc
four-probe method with the voltage resolution of 10−7 V
(HP3457A). The structure of the samples were analyzed by
the powder x-ray diffraction(XRD, Cu-Ka) using the
D /max-B x-ray diffractometer. For the YBa2Cu3O7−d

doping-freesTc=93.0 Kd and low doping sample, the XRD
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results show single Y123 orthorhombic structure. With the
increasing of substitution content, few unidentified peaks ap-
pear with very weak intensity atxù0.12 for Zn andx
ù0.20 for Al, respectively. The positron lifetime spectra
were measured at a constant temperatures20±0.5°Cd using
the ORTEC-100U fast-fast coincidence lifetime spectrom-
eter. Two pieces of identical samples were sandwiched to-
gether with a 10mC 22Na positron source deposited on a thin
Mylar foil (about 1.2 mg/cm2 thickness). Each spectrum
contains more than 13106 counts. After subtracting back-
ground and source contributions, the lifetime spectra were
analyzed with two-lifetime components by thePOSITRONFIT-

EXTENDED program with the best fitsx2ø1.2d. The positron
lifetime spectra are measured at the same environmental tem-
perature for all the samples and the results are repeatable.
Table I lists the positron experimental results of Zn and Al
doping systems.

III. RESULTS AND DISCUSSION

A. Effect of Zn and Al doping on structure
and superconductivity

Figure 1 gives the change of lattice parameters with dop-
ing contentx, which was calculated by the least-squares
method from powder XRD data. From Fig. 1(a), it can be
seen that the lattice parametera andb increase slightly with
the increase of Zn contentx, but O-T transition does not
occur in the whole doping range ofx=0–0.4 while the
O-T transition occurs nearx=0.15 for Al doping. Generally,
the O-T transition is induced from the oxygen content in the
Cu-O chains. Thus the variation of lattice parametersa andb
imply that Al doping ions enter mainly Cus1d sites, which is
consistent with the Hoffmannet al.9 and the Bringleyet al.27

results. It should be noticed that the O-T transition occurs
before the appearance of impurity phases, which reflects the
intrinsic properties of Al doping Y123 systems. For the same
reason, the results of lattice parameters show that Zn doping
ions would mainly enter Cus2d sites in the CuO2 planes.28–30

It is well known that the superconductivity occurs in the
CuO2 planes, which implies that the superconductivity sup-
pressed by Zn doping should be stronger than Al doping.
Figure 2 shows the variation ofTc as a function of Zn and Al
contentx. For the undoped Y123 compound,Tc is 93 K, and
then Tc falls to 72.3 K for Zn content ofx=0.1, while for

x=0.4,Tc is only 15.7 K. In contrast, for Al substitution, the
Tc changes slightly to 91.5 K atx=0.1, while for the maxi-
mum substitutionx=0.4, Tc is still 42.5 K. Obviously, Zn
substitution suppresses superconductivity much more than
Al does.

TABLE I. Experimental results of positron annihilation parameters for Zn and Al doped YBa2Cu3O7−d systems.

Zn content 0.0 0.02 0.04 0.08 0.1 0.12 0.2 0.3 0.4

t1 spsd 195±3.9 195±3.9 189±3.8 182±3.6 184±3.7 189±3.8 184±3.7 185±3.7 182±3.6

t2 spsd 544±22 541±22 561±22 554±22 551±22 556±22 528±21 557±22 553±22

I1 s%d 91.2±1.82 87.3±1.74 86.2±1.72 86.7±1.73 87.8±1.74 87.9±1.74 86.4±1.72 87.7±1.75 86.7±1.73

Al content 0.0 0.05 0.1 0.15 0.2 0.3 0.4

t1 spsd 195±3.9 196±3.8 197±3.9 203±3.8 206±3.6 201±3.7 205±3.6

t2 spsd 544±22 581±22 553±22 552±22 549±21 565±22 557±22

I1 s%d 91.2±1.82 94.0±1.76 92.2±1.8 91.9±1.75 92.1±1.73 93.3±1.76 92.8±1.74

FIG. 1. (a) Lattice parameters as a function of Zn doping con-
tent x. O-T transition does not occur in the range of whole doping.
(b) Lattice parameters as a function of Zn doping contentx. O-T
transition occurs nearx=0.15.
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B. Change of positron lifetime and local electron density

From Table I it can be seen that the short lifetimet1 varies
in the range of 182–195 ps and the long lifetimet2 does
528–561 ps for Zn doping Y123 systems. While for Al dop-
ing, t1 varies from 195 to 206 ps andt2 from 549 to 602 ps.
These results are typical characteristics in the ceramic
samples.31 According to the model of the two-state
capture,32,33 the process of positron annihilation is attributed
to free-state and trapping-state annihilation in condensed
matters. The positron lifetime is defined as the inverse of the
annihilation rate. The short lifetimet1 reflects mainly the
characteristics of free-state annihilation for the perfect crys-
tal lattice, while the long lifetimet2 reveals mainly the pro-
cess of positrons capture at imperfect regions, which may be
divided into the bulk imperfects and microvoids. The former
includes the cation deficiency, oxygen vacancy, twin bound-
ary, dislocation, and so on. In general, the lifetime parameter
t2 originates from these imperfects. The latter as microvoids
denotes a longer lifetime thant2, sometimes one designates
it as t3, generallyt3.800 ps,20 this parameter is not re-
corded in the present experiment and would not be consid-
ered in the present work. Heret1 andt2 reveal the intrinsic
characteristics of the samples. Hence, the relation between
the annihilation ratel and the local electron densityne is
defined as follows:

l = pr0
2cne, s1d

where r0 is the classical electron radius andc is the light
velocity. Whilel=1/tbulk, and the bulk lifetimetbulk can be
calculated from11,34

1

tbulk
=

I1

t1
+

I2

t2
. s2d

WhereI1, the intensity of short lifetime, denotes the propor-
tion of free-state annihilation to total annihilation events;I2
denotes the corresponding proportion as the intensity of long
lifetime and I2=1−I1. Figure 3 shows the reduced electron
densityne varies with Zn and Al contentx. For Zn doping,ne
decreases slightly asxø0.02, then it increases rapidly to the

maximum beforex=0.1, after an abrupt drop atx=0.12,ne
gradually goes up to a high saturation value. On the whole,
ne increases with the increasing Zn contentx. In contrast, the
local electron densityne decreases for Al doping. It de-
creases evidently untilx=0.20 and exhibits a fluctuation fea-
ture abovex=0.2. Significantly, bothne display an abrupt
change near the impurity phases appearing, namely, atx
=0.12 for Zn doping andx=0.20 for Al doping, respectively.
This characteristic reveals the intrinsic correlation between
positron lifetime and impurity phases. On the other hand, this
indicates the reliability of the present experimental results.

For the undoped Y123 systems, the relevant researches
have proved that positron density distribution is not unifor-
mity inside the materials. Because positrons prefer to anni-
hilate in oxygen imperfection areas,35,36 there is a high anni-
hilation rate in the Cu-O chains.11,34 According to the
structural characteristic and charge distribution in
YBa2Cu3O7−d systems, it is considered that the hole carriers
originate from the Cu-O chains as a part of carrier reservoirs.
The process is as follows: Once introduced into the Cu-O
chains, every oxygen ion will attract two electrons for the
requirement of the charge equilibrium. Meanwhile, two holes
appear in the Cu-O chain region. On the whole, half of the
holes are absorbed by Cus1d ions, namely, Cus1d changes
from +1 into +2 valence; half of the remaining holes stay in
the reservoir layer, and the rest(one fourth) of the holes
transfer to the CuO2 plane region. Therefore, the average
valence state of Cu ion is generally +2.25 in the CuO2
plane,37 where the valence electron density is smaller than
that in the Cu-O chain. For doped YBCO systems, once
doped ions enter the Cu-O chains, oxygen imperfections will
lessen, which drives a part of positrons transfer to the CuO2
planes, the annihilation spectra will exhibit an increase in
lifetime, i.e., the local electron densityne should decrease as
the increase of Al doping. On the contrary, while entering the
CuO2 planes, doped ions will attract positrons to annihilate
in the CuO2 planes, as Zn ions do. The Jeanet al.calculation
about the effect of Zn doping displays the same characteris-
tics in the normal state.11 Therefore,ne should decrease like-
wise. However, the actual process is possibly much more

FIG. 2. Critical temperatureTc versus Zn and Al contentx.

FIG. 3. The reduced electron densityne as a function of Zn and
Al contentx.

SUPPRESSION OF SUPERCONDUCTIVITY BY THE… PHYSICAL REVIEW B 69, 224517(2004)

224517-3



complicated, this is why the bivalence doped ions distinguish
markedly from the trivalence ions in the influence on posi-
tron lifetimes: Al ions enter the Cu-O chains and drives in-
cessantly positrons to the CuO2 planes, whether the ions
gather into clusters or not. But the case of Zn doping is not
so simple, because the positrons are attracted into the CuO2
planes and annihilated directly around the doped ions, the
distribution of these ions will strongly influence the positron
lifetimes. Single doped ions cannot create oxygen vacancies,
so positrons annihilate simply in the CuO2 planes. Once
gathering into clusters, the doped ions can make the vacan-
cies as imperfections, where positrons prefer to annihilate as
above. Moreover, the doped ions show 0.25 valences lower
than Cu; valence electrons lose less. Significantly, these ions
possibly induce holes’ escape from oxygen ions;38,39 these
two factors determine that the average density of valence
electrons should be larger within clusters than in the CuO2
planes. The calculation results of Jensenet al.40 and Bharathi
et al.41 show that about 90% of positrons annihilate with the
valence electrons, only about 10% of positrons annihilate
with the electrons within the atomic kernel. As a result, once
the doped ions enter the CuO2 planes and form clusters, pos-
itrons prefer to annihilate within the clusters with higher den-
sity of valence electrons, naturally,ne will show an increased
trend. This conforms to the Jeanet al. results, namely, at
room temperature, the bulk lifetimetbulk exhibits a decreased
trend with doping contentx increases from 0 to 0.07.11 In
fact, the above conclusion is reasonable also to +3 valence
ion clusters, in which there is only lower average density of
valence electrons, if positrons annihilate within such clusters,
ne should decrease. But positrons do not prefer to annihilate
within such ion clusters due to lack of oxygen vacancies. If
doped ions enter Cus1d and Cus2d sites at the same time,ne

should be influenced by both the above two factors.

C. Simulated calculations for total defect and binding energy

In order to understand how the doped ions enter the dif-
ferent Cu sites, simulations were made in the present work.
The calculations are based on the crystal lattice structures
with energy minimization principle and formulated within
the framework of the Born model, in which the effective
pairwise potentials represent the interatomic forces in the
following form:

Fi j =
ZiZje

2

4p«0r ij
+ AijexpH−

r ij

ri j
J −

Cij

r ij
6 , s3d

whereFi j is the effective potentials between ioni and ion j ;
Zi and Zj are ion valences;r ij is the distance between ioni
and ionj ; Aij , Cij , andri j are the relative character constants.
The first term is the long-range Coulomb interaction; the
remaining terms represent the short-range interaction and the
shielded revision.26 Due to the demand of charge equilib-
rium, single doped ion cannot change copper-oxygen coordi-
nation, which may be carried out by the proper ion clusters
in electric neutrality. The neutral clusters may show several
structures, of which two kinds of typical shapes are illus-
trated in Fig. 4(a) in the CuO2 planes for Zn doping and Fig.
4(b) in the Cu-O chain layers for Al doping. Tables II and III

list the calculated results of several clusters. For clusters, for
example, a cluster of four Zn ions as tetramer is described as
h4Zn2+→4Cu2.25+−O2−j, the meaning is four Zn2+ ions sub-
stitution for four Cu2.25+ ions, and then an O2− ion will be
squeezed out of the tetramer. It has the following binding
energyEbind:

Ebind = Eb1s4Zn2+ → 4Cu2.25+− O2−d

− 4Eb2sZn2+ → Cu2.25+d + Eb3sO2−d, s4d

whereEb1, Eb2, andEb3 are all represented byE=oFi j . Eb1
is the total binding energy of a cluster,Eb2 is the binding
energy of a Zn2+ substitution for a Cu2.25+ ion, andEb3 is the

FIG. 4. (a) The doping Zn ions enter Cus2d sites in the CuO2
plane regions and gather into the ion clusters:(a) hexamer,(b)
double square.(b) The doping Al ions enter Cus1d sites in the
Cu-O chain regions and gather into ion clusters:(a) hexamer,(b)
double square.

TABLE II. The total defect energy of Zn2+-oxygen vacancies
and the average binding energy per ion in the CuO2 planes, where
Eb1 seVd is total defect binding energy in a cluster, and
EmaenseV/ iond is the average binding energy per doped ion.

Cluster structure
Eb1

seVd
Emaen

seV/ iond

Dimmer h2Zn2+→2Cu2.25+ no O2−j −31.15 −1.67

Tetramerh4Zn2+→4Cu2.25+−O2−j linear −59.32 −1.49

Tetramerh4Zn2+→4Cu2.25+−O2−j square −60.91 −1.64

Tetramerh4Zn2+→4Cu2.25+−O2−j zigzag −59.03 −1.36

Hexamerh6Zn2+→6Cu2.25+−2O2−j −97.26 −1.68

Hexamerh6Zn2+→6Cu2.25+−O2−j −108.55 −1.75

Double squareh7Zn2+→7Cu2.25+−2O2−j −122.97 −1.78
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binding energy of a lost O2− ion, while every doping ion has
the average binding energyEmean=Ebind/4. Other clusters
may likewise be described and calculated. As is well known,
the larger the average binding energy, the more stable the
cluster combines. Consequently, the doped ions should prefer
to form the cluster with the largest average binding energy. It
can be concluded from the results listed in Tables II and III
that the doped Al ions prefer to form hexamer clusters, while
the doped Zn ions of double square clusters have the largest
probability.

D. From dopant clusters to carrier localization

It is well known that for doped Y123 systems, Zn ions
occupy Cus2d sites. As a nonmagnetic ion, Zn doping not
only destroys the antiferromagnetic order in the CuO2 planes
but also causes the change in electron structure around the
doped Zn ions. As the above statements, the doped Zn ions
make positrons prefer to annihilate in the CuO2 planes,
where the electron density is smaller than that in the Cu-O
chains. While the Zn doping content is small,x=0.02, ne
should decrease, this feature is shown in Fig. 3. With the
increase of Zn content, the ions gather into clusters and pre-
fer to create oxygen vacancies, which can be confirmed from
the relevant experiments that oxygen content decreases
gradually.10 These vacancies attract positrons to annihilate
within the clusters with the higher density of valence elec-
trons, thusne increases gradually. At the same time, the clus-
ters suppress the superconductivity strongly. Whenxù0.12,
in terms of XRD results, impurity phases appear in the doped
cuprates. In this case, it may be very complex that how Zn
ions occupy different sites and where the positron would be
annihilated. But Zn ions strongly suppress the superconduc-
tivity, namely, theTc is depressed fast beforex=0.20. Zn
ions in impurity phases do not stay in the CuO2 planes, thus
the ability of depressingTc becomes weakening as shown in
Fig. 3. In a word, the clusters may significantly influence the
positron annihilation characteristics. For example, the local
electronic densityne varies in complexity with the Zn doped
content, which may get a satisfactory explanation from the
clustering process. Without clusters,ne should decrease
monotonically, because Zn doping makes more positrons an-
nihilating in the CuO2 planes, where an increase in lifetime

is observed as above. Obviously, PAT experiments support
the clustering concept. In fact, this concept can be proved by
the decrease of oxygen content with the increase of Zn dop-
ing ions,10 because single Zn ion cannot drive out an oxygen
ion from the crystal lattices. During the doping process, Zn
ions substitute mainly for Cus2d sites in the CuO2 planes,
where does occur the superconductivity, these doped ions
make the change of electron structure and the carriers are
strongly localized,42,43and therefore interfere the pairing and
transportation of superconducting carriers, the superconduc-
tivity is suppressed more dramatically with the formation of
Zn ion clusters.

In contrast to Zn doping, with increasing Al contentx, ne
decreases monotonically. As +3 valence ion, Al easily enters
Cus1d site in the Cu-O chain9 and requires more oxygen for
coordination. When two Al ions form a small cluster, they
will carry an extra oxygen ion into the Cu-O chains, where
the oxygen vacancies decrease correspondingly, and a part of
positrons shift from the Cu-O chains to the CuO2 planes. An
increase in lifetime is observed if positrons annihilate in the
CuO2 planes, thus the local electron densityne decreases
until x=0.20. At the same time, the doped Al ions slightly
suppress the superconductivity. After the impurity phase ap-
pears forxù0.2, ne fluctuates markedly, perhaps because a
part of Al ions enter the CuO2 planes. Therefore,Tc is de-
pressed more quickly(Fig. 3). Consequently, the change of
local electron densityne should reflect the intrinsic charac-
teristics for Al doping YBCO systems. Significantly, it is Al
ion clusters that bring the extra oxygen ions into the Cu-O
chains, while single Al ion itself cannot do these. In terms of
the calculated results and the valence analysis as above, Al
ions should gather into clusters, which is proved by the fact
that the increase of oxygen content with Al ions increasing.10

Whether the doped Al ions form clusters or not, positron
lifetimes are not influenced probably, but the electronic
structure of the Cu-O chains are influenced by the clusters.
Therefore, we emphasize the Al doping ion clusters. Al dop-
ing may influence the superconductivity in the following
way: When two Al ions as the smallest cluster carry an oxy-
gen ion into the Cu-O chains, due to the charge equilibrium
between Al and oxygen ions, superabundant holes cannot be
generated, the holes as carriers decrease gradually with in-
creasing Al content. Along with the formation of larger clus-
ters, hole carriers are restricted or localized in the Cu-O
chains. Namely, there are not enough holes to be transferred
to the CuO2 planes, which weakens the function of carrier
reservoir and suppresses the superconductivity. Therefore, Al
doping affects indirectly the pairing and transportation of
carriers. Accordingly, Al doping depressesTc weakly than
Zn doping in YBCO systems.

IV. CONCLUSIONS

The high-Tc cuprates YBa2Cu3−xsZn,AldxO7−d sx
=0.0–0.4d have been systemically studied by the positron
annihilation technique, x-ray diffraction, and the simulated
calculation. The results indicate that both doping Zn and Al
ions would combine into the different clusters of two, four,
six, or seven ions. These ions prefer to form the cluster of

TABLE III. The total defect energy of Al3+—interstitial oxygen
and the average binding energy per ion in the Cu-O chains, where
Eb1 seVd is total defect binding energy in a cluster, and
EmaenseV/ iond is the average binding energy per doped ion.

Cluster structure
Eb1

seVd
Emaen

seV/ iond

Dimmer h2Al3+→2Cu2++O2−j −73.37 −2.73

Tetramerh4Al3+→4Cu2++2O2−j linear −144.03 −2.25

Tetramerh4Al3+→4Cu2++2O2−j square −145.94 −2.71

Tetramerh4Al3+→4Cu2++2O2−j zigzag −143.18 −2.10

Hexamerh6Al3+→6Cu2++4O2−j −239.29 −2.85

Double squareh7Al3+→7Cu2++4O2−j −265.41 −2.81
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seven ions as double square and six ions as hexamer, respec-
tively. The variation of local electron densityne with Zn
contentx can be explained from the clustering process. In
both cases,ne display an abrupt change near the appearance
of impurity phases in the Zn and Al doping systems. This
characteristic reveals the intrinsic correlation between posi-
tron lifetime and the impurity phases. The doping Zn ions
occupy Cus2d sites in the CuO2 planes, where the supercon-
ductivity occurs. These ions make the change of electron
structure and the carriers are strongly localized, so they in-
terfere the pairing and transportation of carriers and suppress
the superconductivity with the formation of Zn clusters.
While the doped Al ions enter Cus1d sites in the Cu-O
chains, which induces the localization of hole carriers and
weakens the function of the Cu-O chains as carrier reservoir

by clusters. Hence, the hole carriers cannot easily transfer to
the CuO2 planes. The pairing and transportation of carriers
are affected indirectly, and the superconductivity is sup-
pressed weaker than the case of Zn doping.
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